Paenibacillus zeae sp. nov., isolated from maize (Zea mays L.) seeds 
The genus Paenibacillus was identified as comprising group 3 bacilli, based on 16S rRNA gene sequence analysis (Ash et al., 1993) . At the time of writing, the genus contains 165 species and four subspecies listed on the LPSN database (Prokaryotic names with standing in nomenclature: www.bacterio.net). Members of the genus Paenibacillus are aerobic or facultatively anaerobic, endospore-forming, rod-shaped bacteria that are widely distributed in nature (Priest, 1977; Claus & Berkeley, 1986; Slepecky & Hemphill, 1992; Weon-Taek et al., 1999; Chung et al., 2000; Daane et al., 2002; Scheldeman et al., 2004; Liu et al., 2010; Xiang et al., 2014) .
During the characterization of endophytic bacteria in hybrid maize (Zea mays L., Jingke 968), four bacterial strains, 6R2 T , 6R18, 3T2 and 3T10, were isolated from maize seeds (about 100 g) collected from the scientific research base of Beijing Academy of Agriculture and Forestry Sciences (BAAFS) in Zhangye city, Gansu province (398 049 57.940 N 1008 129 49.400 E, north-western China) in September 2014. The characterization and description of a novel species is reported here.
Strains 6R2
T and 6R18 were originally isolated on R2A agar plates (Luqiao), while strains 3T2 and 3T10 were originally isolated on trypticase soy agar (TSA) plates (Luqiao), which had been seeded with a suspension of hybrid maize seeds and incubated at 30 8C for 48 h. The seed suspension was prepared according to the following procedure as described by Qiu et al. (2007) . The new isolates were maintained on nutrient agar (NA) plates after incubation at 30 8C for 48 h. Motility was determined by the handing-drop method (Skerman, 1967) . Gram-staining was performed as described by Gerhardt et al. (1994) . The harvested cells were washed twice in 0.1 M PBS buffer (pH 7.2) and fixed using 2.5 % glutaraldehyde at 4 8C. Cells fixed overnight were washed three times in 0.1 M PBS buffer (pH 7.2) and dehydrated using a graded ethanol series (50, 70, 85 and 95 % ethanol once and 100 % ethanol three times). The sample was then subjected to critical point drying with CO 2 (Bal-Tec CPD030) and metalspraying apparatus (Bal-Tec SCD005). Cell morphology and size were determined using a scanning electron microscope (Quanta 200; JEOL). Cell morphology was also examined by transmission electron microscopy according to Liu et al. (2010) .
To determine optimal conditions for strains 6R2
T , 6R18, 3T2 and 3T10, cultures were grown in nutrient broth (NB) at 4, 10, 15, 20, 25, 30, 37, 42, 50 and 55 8C and pH 4.0-13 .0 (at 1 pH unit intervals). NaCl tolerance was determined using NB medium supplemented with 0-6.0 % (w/v) NaCl at 0.5 % intervals for 48 h at 30 8C. Growth on NA medium under anaerobic conditions was checked in an anaerobic chamber filled with a mixture of gases (N 2 /H 2 /CO 2 at 90 : 5 : 5) for 1 week (Xiang et al., 2014) . Growth was also tested on R2A, Luria-Bertani (LB) and MacConkey agars (all from Luqiao). Oxidase and catalase activity were determined according to Liu et al. (2010) . Methyl red reactions were tested according to Dong & Cai (2001) , and the lecithinase test on egg yolk agar was performed on NA with 10 % egg yolk emulsion. Assimilation and acid production from carbohydrates and enzyme activities were tested by using the API 20E, API 20NE and API 50CH kits (all bioMérieux) according to the manufacturer's instructions, and these tests (three replicates for each) were performed at 30 8C for 48 h.
Preparation of genomic DNA was carried out according to the method of Marmur (1961) . The G+C content of the DNA was determined using the HPLC method (Mesbah et al., 1989) . The 16S rRNA gene was PCR-amplified using the universal primers 27F (59-AGAGTTTGATCCTG GCTCAG-39) and 1492R (59-GGTTACCTTGTTACG ACTT-39) (Lane, 1991) . The amplified products were purified and cloned into vector Top10 (Tiangen) for sequence determination carried out using an automated DNA sequencer (model ABI 3730; Applied Biosystems). The sequencing primers were SP6 (59-ATTTAGGTGACA CTATAGAATAC-39) and T7 (59-TAATACGACTCACTA TAGGG-39). The 16S rRNA gene sequences of the four studied bacterial strains and those of other Paenibacillus species retrieved from GenBank were aligned using the program CLUSTAL X v1.8 (Thompson et al., 1997) . A distance matrix method (with distance options according to Kimura's two-parameter model; Kimura, 1983) , including clustering using the neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) and maximum-parsimony methods (Eck & Dayhoff, 1966; Fitch, 1971 ) from the MEGA 5 program (Tamura et al., 2011) , was used to infer the phylogenetic evolutionary trees ( Phylogenetic tree showing the relationships of the four studied strains to species of the genus Paenibacillus. The tree was based on an alignment of almost-complete 16S rRNA gene sequences and was reconstructed using the neighbour-joining method (Saitou & Nei 1987) . The phylogenetic tree was produced following a bootstrap sampling of 1000 datasets. Numbers at nodes indicate percentages of bootstrap support based on a neighbour-joining analysis of 1000 resampled datasets. Bar, 0.01 substitutions per nucleotide position.
associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches (Felsenstein, 1985) . Cells of the four novel bacterial strains and the type strains of Paenibacillus species grown on TSA to the same physiological age were used in the following comparisons. Fatty acid methyl esters were extracted, separated and identified according to the instructions of the Microbial Identification System (using the RTSBA6 database).
Purified cell-wall preparations were obtained according to the method of Schleifer & Kandler (1972) and the amino acids in peptidoglycan hydrolysates were analysed as described by Schleifer (1985) . Freeze-dried cells (100 mg) were treated with chloroform/methanol (2:1, v/v) overnight to extract isoprenoid quinones. Preparative TLC was performed using Kieselgel 60 F 254 plates (20620 cm, 0.5 mm thick; Merck) with petroleum ether/diethyl ether (9:1, v/v) as the solvent. The resulting bands were scraped from the plate under short-wavelength UV light, and then redissolved in acetone. Finally the quinone profile was analysed using reversed-phase HPLC (LC20AD system; Shimadzu) with a Zorbax Eclipse XDB -C18 column (25064.6 mm, 5 mm; Agilent) and a UV detector at 270 nm. Polar lipids were extracted, separated using twodimensional TLC and identified according to published procedures (Komagata & Suzuki, 1987) .
Comparative 16S rRNA gene sequence (over 1500 bp) analysis revealed that levels of similarity among strains 6R2 T , 6R18, 3T2 and 3T10 were more than 99 %. The 16S rRNA gene sequence of strain 6R2
T was a continuous stretch of 1518 bp. Sequence similarity calculations indicated that strain 6R2
T shared similarities with the type strains of recognized species of the genus Paenibacillus ranging from 96.8 % (Paenibacillus chibensis) to 97.1 % (Paenibacillus lautus). Despite the high 16S rRNA gene sequence similarity of strain 6R2
T to P. lautus NRRL NRS-666 T (97.1 %), Paenibacillus glucanolyticus DSM 5162 T (97.0 %), Paenibacillus lactis MB 1871 T (97.0 %) and P. chibensis JCM 9905 T (96.8 %), the phylogenetic trees reconstructed using the neighbour-joining, maximum-likelihood and maximum-parsimony methods suggested that strains 6R2 T , 6R18, 3T2 and 3T10 are members of the genus Paenibacillus but are not close phylogenetic relatives of recognized species of the genus and represent a distinct clade (Figs 1 and S1 ).
The status of strains 6R2
T , 6R18, 3T2 and 3T10 was confirmed by genomic DNA-DNA reassociation studies. Strain 6R2
T showed 74.0, 81.0 and 90.6 % DNA-DNA relatedness to strains 6R18, 3T2 and 3T10, respectively; strain 3T2 showed 86.9 and 93.2 % relatedness to strains 6R18 and 3T10, respectively; and strains 6R18 and 3T10 showed 90.6 % mutual DNA-DNA relatedness. DNA-DNA hybridization experiments were further performed with strain 6R2 T and P. lautus NRRL NRS-666 T , P. glucanolyticus DSM 5162 T , P. lactis MB 1871 T and P. chibensis JCM 9905 T using the method described by Ezaki et al. (1989) . The results indicated low levels of relatedness between strain 6R2 T and its closest phylogenetic neighbours: P. lautus NRRL NRS-666 T (50.9 %), P. glucanolyticus DSM 5162 T (36.9 %), P. lactis MB 1871 T (33.6 %) and P. chibensis JCM 9905 T (50.1 %). These values are clearly below the 70 % cut-off value recommended for the assignment of strains to the same genomic species (Wayne et al., 1987) .
Morphological, cultural, physiological and biochemical characteristics of strains 6R2 T , 6R18, 3T2 and 3T10 are given in the species descriptions and in Table 1 , which showed the distinctive features of the four strains as well as those of closely related species of the genus Paenibacillus. The fatty acid profiles of the four strains are shown in Table  S1 . The major fatty acids of strain 6R2
T were anteiso-C 15 : 0 (40.8 %) and iso-C 14 : 0 (10.0 %), similar to those of the type strains compared in this study, but there were differences in the proportions of some fatty acids. The diagnostic cell-wall diamino acid of strain 6R2
T was meso-diaminopimelic acid. The main polar lipids in strain 6R2
T were diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine (Fig. S2) . Cells of strains 6R2
T , 6R18, 3T2 and 3T10 were Gram-stain-positive, rod-shaped, spore-forming and motile; optimal growth was observed at 30 8C, at pH 7.0 and in the absence of NaCl in NB medium, and the organisms were not able to grow on NA plates under anaerobic conditions. The menaquinone profile, with MK-7 as the major component, is in agreement with the description of the genus Paenibacillus. The DNA G+C contents of strains 6R2 T , 6R18, 3T2 and 3T10 were 51.8, 50.9, 51.6 and 50.2 mol%, respectively, which lie within the range of values reported for members of the genus Paenibacillus.
Based on the combination of morphological, physiological, chemotaxonomic and phylogenetic data discussed here, it appears that strains 6R2 T , 6R18, 3T2 and 3T10 belong to the genus Paenibacillus. However, they could be distinguished from closely related species in some phenotypic and chemotaxonomic features, such as a negative reaction for the utilization of L-arabinose and D-xylose, and the presence of iso-C 14 : 0 . Additionally, phylogenetic distinctiveness distinguishes the four strains from recognized Paenibacillus species. On the basis of the data described above, the four strains represent a novel species of the genus Paenibacillus, for which the name Paenibacillus zeae sp. nov. is proposed.
Description of Paenibacillus zeae sp. nov.
Paenibacillus zeae [ze9ae. L. gen. n. zeae of spelt, of Zea mays, referring to its isolation from corn (Zea mays L.)].
Cells are Gram-stain-positive, aerobic, motile, spore-forming rods (2.0-3.0 mm|0.3-0.5 mm) (Figs S3 and S4) . Colonies on NA plates are off-white, circular and raised with entire edges. Growth occurs at 10-42 uC (optimum 30 uC) and at pH 6.0-10.0 (optimum pH 7.0). Grows T . All data were generated in this study, except for the G+C content of P. lautus NRRL NRS-666 T (Heyndrickx et al., 1996) , P. glucanolyticus DSM 5162 T (Alexander and Priest, 1989) , P. lactis MB 1871 T (Scheldeman et al., 2004) and P. chibensis JCM 9905 T (Shida et al., 1997) . All strains have the same optimum temperature (30 8C), pH (7.0) and NaCl (0%, w/v). All are positive for the following: motility; growth on LB and R2A agar medium; activity of catalase, ONPG hydrolysis and galactosidase; and assimilation of aesculin and acid production from D-mannitol, N-acetylglucosamine, amygdalin, aesculin, cellobiose, maltose, lactose, melibiose, sucrose, trehalose, starch and glycogen. All are negative for the following: growth under anaerobic conditions and on MacConkey agar; hydrolysis of tyrosine, Tween 20 and Tween 80; acid production from inulin, melezitose, D-lyxose, D-tagatose, D-fucose, D-arabitol, L-arabitol, potassium gluconate, potassium 2-ketogluconate, glucose, mannitol, inositol, sorbitol, rhamnose, sucrose, melibiose, amygdalin, arabinose and glucose; assimilation of capric acid, adipic acid, citrate and phenylacetic acid; and activity of arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, citrate utilization, H 2 S production, tryptophan deaminase, indole production, indole production and gelatinase. +, Positive; 2, negative; W, weakly positive. The diagnostic diamino acid in the cell-wall peptidoglycan is meso-diaminopimelic acid and the predominant respiratory quinone is MK-7. The major fatty acids are anteiso-C 15 : 0 and iso-C 14 : 0 . The major polar lipids are diphosphatidylglycerol, phosphatidylglycerol and phospha-tidylethanolamine.
The type strain, 6R2 T (5KCTC 33674 T 5CICC 23860 T ), was isolated from seeds of hybrid maize (Zea mays L., Jingke 968) sampled from the scientific research base of BAAFS in Gansu province, China. The DNA G+C content of the type strain is 51.8 mol%. 6R18, 3T2 and 3T10 are additional strains of the species, isolated from the same source. 
